(called the palm) and the editing domain but differences New Haven, Connecticut 06520-8814 in the structures of the other domains (called the fingers and thumb) and in the relative orientation of the polymerase and exonuclease active sites (Figures 1a and 1b) . Summary Indeed, the differences between these two families of DNA polymerase are so significant that models of subWe have solved the crystal structures of the bacteriostrate complexes with the RB69 polymerases built by phage RB69 sliding clamp, its complex with a peptide homology with the pol I family of polymerases are very essential for DNA polymerase interactions, and the approximate at best.
primer-template junction (Kaboord and Benkovic, 1993) , the manner in which they are assembled at the replicathe sliding clamp makes a specific set of interactions tion fork has been a matter of enlightened speculation.
with its cognate polymerase (Formosa et al., 1983 ; Here, we present structural results that allow the relative Reddy et al., 1993) . positioning of phage RB69 DNA polymerase with duplex
In the T4 and RB69 systems, interactions between the DNA in the act of being edited and the processivity sliding clamp and DNA polymerase are mediated by the factor or sliding clamp protein.
C terminus of DNA polymerase (Wang et al., 1995b ; The DNA polymerase from RB69 is a member of the Berdis et al., 1996; Goodrich et al., 1997). The C-terminal pol ␣ or B family of DNA polymerases and is responsible 10 residues of RB69 DNA polymerase extend straight for processive DNA synthesis on both the leading and out from the structure adjacent to a deep cleft, which lagging strands in vivo. The RB69 and T4 bacterioled to a replisome model that placed the clamp interphages are closely related, and their replication protein acting with the C-terminal peptide (Wang et al., 1995b) . Truncation of as few as the last six residues from the and replisomal organization are very similar to the corre-DNA polymerase abolishes its interaction with the slidsponding proteins and organization in eukaryotes (for ing clamp (Berdis et al., 1996) . In addition to DNA replicareview, Baker and Bell, 1998). There is now a wealth of tion, the sliding clamps of the T4 and RB69 system structural information on the interactions of pol I family participate in the activation of late transcription in vivo DNA polymerases with primer-template DNA bound to through an interaction with E. coli RNA polymerase (Herboth the polymerase and editing active sites (for review, endeen et al., 1990). In contrast to its direct interaction Brautigam and Steitz, 1998) . There are structures of DNA with DNA polymerase, the interaction of the sliding polymerases and complexes from E. coli (Beese and clamp with E. coli RNA polymerase is mediated by gp33 (Tinker et al., 1995) . Berdis et al. (1996) observed that the C-terminal sequence of gp33 bears a strong resem- § To whom correspondence should be addressed.
blance to that of the DNA polymerase (Table 1) . In order to assess the importance of these C-terminal regions, Berdis et al. synthesized a peptide containing the last eight residues of the DNA polymerase for use in assays on in vitro holoenzyme assembly (Berdis et al., 1996) . Surprisingly, they found that the peptide did not act as a competitive inhibitor of the DNA polymerase:sliding clamp interaction, but rather on the earlier "loading" of the sliding clamp onto the DNA by gp44/62. They concluded that the C-terminal peptide of the DNA polymerase and gp44/62 clamp loader may interact on or near the same region of the sliding clamp protein.
We have solved the structures of the RB69 sliding clamp (gp45) alone and complexed with a peptide derived from the RB69 DNA polymerase C terminus, allowing us to identify the binding pocket of the sliding clamp responsible for interacting with DNA polymerase, gp33, and perhaps gp44/62 clamp loader. In addition, we have determined the structure of the RB69 DNA polymerase complexed to a primer-template DNA, which gives insights into how DNA polymerase partially unwinds duplex DNA and places its 3Ј terminus into the exonuclease active site. We have been able to combine this structure of the DNA polymerase bound to a short DNA duplex with that of the sliding clamp-DNA polymerase peptide to build an experimentally based model of a larger replication assembly.
Results

Structure of RB69 Sliding Clamp
The structure of the RB69 sliding clamp protein has been determined at 2.1 Å resolution by molecular replacement with the preliminary coordinates of the T4 sliding clamp (generously provided by J. Kuriyan) as a search model ( Table 2) . As expected from its 77% sequence identity to that of the T4 sliding clamp, the RB69 sliding clamp trimer forms a toroid-shaped molecule (Figure 1c 
turn passes through the central channel of the sliding between the two homologous subdomains that make up each monomer (Figure 1c) . The electron density clamp (Kong et al., 1992; Krishna et al., 1994) .
shows all 11 residues of the peptide, which resembles an amphipathic helix. The C-terminal residues of the Structure of RB69 Sliding Clamp Complexed peptide interact more extensively with sliding clamp with DNA Polymerase C-Terminal Peptide (Figure 3 ) than the N-terminal residues, which progresWe have also cocrystallized the RB69 sliding clamp with sively recede from the sliding clamp surface. The maan 11-residue peptide whose sequence is that of the C jority of the interactions between sliding clamp and terminus of RB69 DNA polymerase (hereafter referred pol-CT appear to be hydrophobic (Figures 3 and 4) . to as pol-CT), which has been shown to be essential for Hydrophobic residues Leu-897, Met-900, and Phe-901 the interaction of the sliding clamp with polymerase are all positioned in a hydrophobic pocket, while Phe-(Berdis et al., 1996; Goodrich et al., 1997). The structure 903 is pushed up against a coil that appears quite mobile of this peptide complex was solved at 3.0 Å resolution in the structure of sliding clamp alone. In addition, the by molecular replacement using the coordinates of the structure shows that peptide binding is not simple but RB69 sliding clamp ( Table 2 ). The electron density for is a network of hydrophobic and potential hydrogen pol-CT was clearly seen in Fo-Fc maps calculated using bonding interactions that includes main chain atoms. At phases derived from molecular replacement (Figure 2a) .
3 Å resolution, it is difficult to distinguish such networks, but the atomic positions and donor-acceptor compleAlthough the electron density for the peptide bound to one monomer was unambiguous, it was much weaker mentarity are consistent with their employment in this interaction. in the second and nonexistent in the third monomer. Crystal packing occluded one of the pol-CT-binding Genetic swapping experiments have clearly shown that the RB69 sliding clamp can complement T4 and sites, whereas the other two appear readily accessible. The structure revealed no large changes in the overall vice versa (Yeh et al., 1998 ). An examination of the T4 and RB69 DNA polymerase sequences (Table 1) shows conformation of sliding clamp with and without peptide (0.5 Å rmsd). The pol-CT-binding site is located midway several residues in the T4 pol-CT sequence that are 
Structure of RB69 DNA Polymerase Editing Complex
The structure of the RB69 DNA polymerase complexed with duplex DNA bound to the editing active site was solved by molecular replacement using the coordinates of the ligand-free protein (Wang et al., 1995b) ( Table 2 ). An Fo-Fc difference electron density map calculated using SIGMAA-weighted molecular replacement phases derived from the RB69 apo protein clearly showed the primer-template DNA (Figure 2b ), as well as some large movements of the polymerase (Table 3) shown in red. Residues that differ point away from the pol-CTbinding pocket (Table 1) .
There is a third binding site for a calcium ion that may form a consistent helical structure, the N-terminal resi- Table 3 additional insight on why the activity of the pol ␣ family The apparent large difference in the positioning of enzymes is 10 3 times larger than that of the Klenow DNA bound to the editing and polymerase active sites fragment of DNA polymerase I. is accompanied by a modest twist and a significant translation of the thumb. However, the primer strand cannot simply move directly from the exonuclease to Mutations that Effect Active Site "Switching" Genetic studies made in the T4 DNA polymerase system polymerase active site in a straight line because the ␤ hairpin residues 251-262 (colored green in Figure 8b have elucidated many mutants that effect polymerase to exonuclease switching (Spacciapoli and Nossal, 1994; and blue in Figures 1a and 1b) 1a, 1b, and 5a ) run along maps. The rebuilt RB69 sliding clamp was refined using maximum amounts of PEG 8000 (15% w/v). The crystals were stabilized and likelihood torsion angle dynamics (Brü nger et al., 1998) followed by frozen using the protocols developed for sliding clamp alone, except structure factor averaging (Rice et al., 1998), and the R free was used that all solutions contained 0.1 mM pol-CT.
as a monitor for an indicator for the quality of the rebuilt structures ( Table 2 ). The sliding clamp:pol-CT crystals diffracted to only 3.0 Å resoluCrystallization of RB69 DNA Polymerase with Primer-Template DNA tion on the A1 beamline at CHESS. They were similar to those of the apo sliding clamp being in space group P2 1 2 1 2 1 but with somewhat Cocrystals of the RB69 DNA polymerase complexed with primertemplate were obtained by vapor diffusion using the hanging drop different unit cell dimensions (a ϭ 67.0 Å , b ϭ 90.5 Å , c ϭ 146.0 Å ). Using the RB69 sliding clamp as a search model, the sliding method. Primer and template DNA were mixed together at a 1:1 stoichiometry and annealed prior to addition of DNA polymerase in clamp:pol-CT was solved via molecular replacement in the CNS software suite as described previously. Because the data only exa 1:1 ratio. The sequence of the primer strand was 5Ј-GCGGAAC TACTGCTTACG and that of the template strand was 5Ј-ACACG tended to 3.0 Å resolution, refinement was done using noncrystallographic symmetry restraints (Table 2) . Pol-CT was most evident in TAAGCAGTAGTTCCGCG. Hanging drops contained a 2:1 ratio of complex stock solution to reservoir solution. The reservoir contained SIGMAA-weighted Fo-Fc electron density maps (Figure 2) , and all 11 residues were visible in one of the three monomers, although 12% PEG 350 MME (w/v), 150 mM calcium chloride, and 100 mM sodium cacodylate (pH 6.5) at 12ЊC. For cryoprotection, crystals some weak electron density was observed in a second monomer.
